We examine the Hoxc12 RNA expression pattern during both hair follicle morphogenesis and cycling in direct comparison to its only upstream neighbor, Hoxc13. Expression of both genes is restricted to the epidermal part of the follicle excluding the outer root sheath and interfollicular epidermis in a distinct stage-dependent and cyclical manner. During the progressive growth phase (anagen) of developing and cycling follicles, the distinct proximo-distal expression domain of Hoxc12 overlaps only proximally, at the upper-most region of the bulb, with the more proximally restricted Hoxc13 domain. This arrangement of the expression domains of the two genes along the proximaltoward-distal axis of increasing follicular differentiation correlates with the sequential expression of first Hoxc13 and then Hoxc12. This indicates a reversal of the typical temporal colinearity of Hox gene activation otherwise observed along the anterior-posterior morphogenetic axis of the embryo (review: Cell 78 (1994) 191). q
Results and discussion
Hair follicles are miniature organs that may be considered as models for studying both de novo morphogenetic events and organ regeneration. Recent studies have shown that follicle morphogenesis and cyclical regeneration apparently involve many of the same groups of regulatory molecules known to play pivotal roles in embryonic patterning (review: Stenn and Paus, 2000) . Accordingly, expression of several members of the Hox gene family, including Hoxa4 (Packer et al., 2000) , Hoxc8 (Bieberich et al., 1991) , and Hoxd9, Hoxd11, and Hoxd13 (Kanzler et al., 1994) , in distinct follicular subregions implicate this family of transcriptional regulators in the control of hair growth and development. Perhaps the strongest case in support of this argument is Hoxc13, whose functional deletion by gene targeting (Godwin and Capecchi, 1998) , as well as overexpression in transgenic mice both result in severe hair growth defects and alopecia (Tkatchenko et al., 2001) . Furthermore, by analysis of differential gene expression in postnatal skin of the Hoxc13 overexpressing mice, this laboratory identified a new set of hair-specific keratin-associated protein (KAP) genes as presumptive downstream targets for Hoxc13 (Tkatchenko et al., 2001) . Support for the idea of Hoxc13 directly controlling genes that encode hair structural proteins has recently been provided by in vitro data showing regulation of hair keratin genes by human HOXC13 (Jave-Suarez et al., 2001) . The purpose of the present study is to examine the expression pattern of the nearest neighbor of Hoxc13, i.e. Hoxc12, during follicle morphogenesis and in cycling hair in direct comparison to Hoxc13 expression.
Expression analysis of Hoxc12 (GenBank accession number AF448482) by in situ hybridization (ISH) in postnatal skin in comparison to Hoxc13 showed a distinct pattern in developing hair follicles. Hoxc12 expression was first detected in follicles of approximately stage 5 of morphogenesis (follicular staging according to Paus et al., 1999) found in skin at 2 days post natum (p.n.) ( Fig. 1C, K ; compare to Fig. 1A , G, I, O), thus trailing the onset of Hoxc13 expression already detected in stage 2 hair germs found abundantly in skin of mice sacrificed at birth, i.e. at 0 day p.n. (Fig. 1B , H, J, P). Expression of Hoxc13 at these early stages of folliculogenesis is consistent with its previously reported expression in fetal hair follicles (Godwin and Capecchi, 1998) . Initial Hoxc12 expression is restricted to a narrow cluster of cells near the base of the developing hair shaft while, at the same stage, the Hoxc13 pattern is much further developed (Fig. 1D , L) and extends into more proximal bulb regions than Hoxc12. In 5 days postnatal skin, which contains many mature anagen hair follicles, much higher levels of Hoxc12 expression were observed in differentiating cells of the lower hair shaft and upper-most part of the bulb (Fig. 1E , M), clearly distinct from the more proximally extending Hoxc13 expression (Fig. 1F, N) .
To determine expression of both Hoxc12 and Hoxc13 at different stages of the hair cycle in adult mice, we induced synchronous development of anagen hair follicles by depilation of dorsal skin. In early anagen follicles at day 5 post depilation (p.d.), no Hoxc12 expression was detectable ( Fig.  2A, G) , whereas Hoxc13 expression was already established in essentially the same spatial pattern as seen during folliculogenesis (Fig. 2B, H) . In mature anagen follicles at 9 day p.d., however, the Hoxc12 expression pattern was fully developed and exhibited the same spatial restriction to cortical and precortical cells in proximal parts of the hair shaft and the most distal region of the bulb, respectively (Fig. 2C,  I ), essentially as observed during follicle development. Thus, unlike Hoxc13, Hoxc12 expression does not extend to the follicle matrix, a region containing primarily germinative cells that is roughly restricted to the proximal half of the bulb (Fig. 3) . At day 17 d.p., during the regressive phase of the hair cycle called catagen, Hoxc12 expression was no longer detectable (Fig. 2E, K) , whereas Hoxc13 continued to be expressed at this stage in cells located at the proximal S-labeled Hoxc12 and Hoxc13-specific antisense RNA probes as indicated at the top and counterstained with either hematoxylin and eosin (H&E) (A-D,G,H) or with Giemsa (E,F) after exposure to photographic emulsion for 4 (F) and 8 days (remaining sections), respectively. Areas delineated by green-lined borders in panels (A, B) are shown in greater detail beneath those panels (G,H). (I-P) Darkfield photographs directly corresponding to the sections shown above in brightfield visualize hybridization signals (accumulation of silver grains) as bright regions. Yellow arrowheads mark location of hybridization signals in panels (C,H,K,P) and yellow arrows mark proximo-distal expression limits of Hoxc12 (E,M) and Hoxc13 (F,N) in mature anagen hair follicles. Epidermis (ep) and dermal papillae (dp), the latter including aggregates of mesenchymal cells situated directly underneath the hair germ (G,H,O,P) that presumably will develop into dermal papillae, are marked. The proximal ends of follicles point to the bottom; space bars: 40 mm.
end of the regressing bulb whose cells have now ceased to proliferate (Fig. 2F, L) . In follicles of the subsequent resting stage (telogen) observed in 19 day p.d. skin, neither Hoxc12 nor Hoxc13 expression was detectable (data not shown). While overall our Hoxc13 mRNA expression data agrees well with the recently reported HOXC13 protein expression pattern in human hair (Jave-Suarez et al., 2001) , there are subtle differences which may be due to the lower signal resolution of radioactive ISH versus immunological methods. This might explain our difficulty in detecting Hoxc13 expression in the companion layer, a narrow layer of cells in the outer root sheath that has been shown to exhibit HOXC13 protein expression in humans (Jave-Suarez et al., 2001) ; this HOXC13 protein expression data corroborates earlier evidence for the transcriptional expression of murine Hoxc13 in this layer (Godwin and Capecchi, 1998) . Combined, our data reveal a distinct spatio-temporal expression pattern of Hoxc12 that partially overlaps with the Hoxc13 pattern both during follicle morphogenesis and cycling. The temporal sequence of transient cyclical activation of Hoxc12 and Hoxc13 mirrors the spatial arrangement of their expression domains, apparently following the progression of differentiation along the proximo-distal axis of the hair follicle (Fig. 3) . The reversal of their temporal colinearity of activation in hair as opposed to the embryo (Krumlauf, 1994 ) is reminiscent of the reversed spatial colinearity of certain Hoxd genes at late stages of limb patterning (review: Johnson and Tabin, 1997) . The cyclical activation of Hoxc12 and Hoxc13 is reminiscent of the oscillating transcriptional activity of certain Hox genes during somitogenesis that apparently is linked to the segmentation clock (Zákány et al., 2001) . ) and Hoxc13 (D,J). CTX, cortex of the hair shaft; dp, dermal papilla; IRS, inner root sheath; ORS, outer root sheath. Proximal ends of follicles point to the bottom; space bar: 40 mm.
Materials and methods

Cloning and sequence analysis
The presumptive Hoxc12 coding sequence was derived from Hoxc12 genomic (Peterson et al., 1994) and cDNA sequences. A 481 bp cDNA derived from E12.5 mouse embryo RNA was generated by using primers GGAATTCG-CAGTCCCGTGTCTCTCAACC and GGAATTCGACCA-GAAACTCGCCCTCCAG specific for Hoxc12 exons 1 and 2, respectively.
ISH and tissue preparation
ISH in frozen skin sections (10 mm) of the anterior dorsal trunk region of postnatal and depilation-treated adult mice was performed as described (Awgulewitsch and Utset, 1991) by using 35 S-labeled antisense and sense (control) RNA probes specific for Hoxc12 (Peterson et al., 1994) and Hoxc13 (Tkatchenko et al., 2001) . Follicle growth in back skin of FVB mice at 7 weeks of age (when most follicles were found to be in telogen) was induced by depilation as described (Paus et al., 1990) . 
